Stretched oxygen and odd hydrogen species are suggested to offer a clue to explain the so-called "ozone deficit problem" and "HO x dilemma" in the upper stratosphere and mesosphere under conditions of local thermodynamic disequilibrium.
Introduction
Ozone related problems have so intensely been highlighted in the media that "ozone hole" seems a term mated for life. Densest at an altitude of 1,2 25-30 km, the ozone layer that envelopes the planet extends to the mesosphere (85 km) where its chemistry attains greatest simplicity. Paradoxically, it is there that some mysteries remain unfold. It is an attempt to their elucidation that we report in the present work.
Ozone is believed to form in the same way througout the atmosphere: oxygen atoms are produced by photodissociation of O 2 with a photon of frequency ν binding quickly with an unsplit O 2 to form O 3 ; h is Planck's constant. Thus, the term odd oxygen is used to imply either an O or O 3 . Conversely, ozone destruction varies with location, being most complicated over the poles where winds, ice clouds, and low temperatures help various forms of halogen and nitrogen compounds to destroy O 3 . However, in the upper stratosphere and mesosphere, the ozone chemistry is mostly controlled by catalytic reactions involving odd hydrogen HO x species (x ) 0, hydrogen; 1, hydroxyl; 2, hydroperoxyl):
with the ultimate source of HO x radicals being the photochemical destruction of water. Below 60 km this occurs via with O( 1 D) atoms being formed from the photolysis of ozone at wavelengths shorter than about 325 nm and above that altitude by photolysis of H 2 O mainly through absorption of Lyman R radiation. [This photodissociation channel, known as the singlet channel, contributes ∼90% to give O( 1 D) + O 2 (a 1 ∆) while the triplet channel contributes the remaining 10% to yield O( 3 P) + O 2 (X 3 Σ g -, V). As usual, 3, 4 V or W (for a triatomic or larger molecule, this is a collective variable of all vibrational quantum numbers) identifies heretofore a species in a highly vibrationally excited state.] In turn, the primary sink of HO x (OH and HO 2 ) is the reaction Despite such a simplicity, in the 1980s, models underpredicted the amount of O 3 at such altitudes by 50-60%, a shortcoming known as the "ozone deficit problem".
By the middle 1990s, steady efforts in observation and theory (Crutzen et al. 5 found a surplus, others 6, 7, 8 found a deficiency, and novel ozone sources were proposed 3 ) were giving the impression that the "ozone deficit problem" had been clarified. However, difficulties were known to persist 3 in the upper stratosphere and mesosphere, while a so-called 9 "HO x dilemma" was about to emerge. In fact, as briefly surveyed next, standard chemical models could not give a complete understanding of the HO x chemistry in the middle atmosphere. Summers et al. 10 reported measurements of OH between 50 and 80 km that were about 25-30% lower than expected based on standard photochemical theory. By noting a coincidence between maxima in measured OH concentrations (as usual, this will be denoted by square brackets embracing the chemical species, in this case [OH] ) and the ozone observations, they suggested that a good correspondence between the ozone production and destruction rates could be obtained if a downward revision in the rate constant of reaction 3 could be done. However, the proposed downward revision by 50 to 70% lacks support both from theoretical [11] [12] [13] and recommended 14 data while leading to large underestimates of the observed abundances 6 of OH and HO 2 . In turn, Sandor and Clancy 15 found that ground-based microwave measurements of HO 2 concentrations at 50-80 km altitudes were 23-47% higher than photochemical model values at mid day, agree with model values at 0900 local time, and exceed model mixing ratios by 70-100% immediately after sunset. Because neither of such studies obtained simultaneous measurements of [OH] and [HO 2 ], it is difficult to discern the factors that cause the imbalance. Such a difficulty was overcome by Jucks et al., 16 who have reported balloon-borne simultaneous measurements of both species in the middle and upper stratosphere as well as of H 2 O and O 3 using a far infrared spectrometer (FIRS-2). Based on a photochemical model, they have concluded that (a) the measured [OH] agrees reasonably well with, and measured [HO 2 ] is significantly higher than, values calculated using standard kinetic parameters for altitudes between 40 and 50 km; (b) modifications to both the partitioning * To whom correspondence should be addressed. E-mail: varandas@ qtvs1.qui.uc.pt. O 2 + hν f 2O
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of HO x and the balance of production and loss of HO x were necessary to explain the observed [HO 2 15 for altitudes above 50 km. Despite the fact that the proposed changes were consistent with the uncertainties in the recommended rate constants, Jucks et al. 16 raised also the possibility that there could be "an undocumented reaction that converts OH to HO 2 ", although they judged such a reaction to be unlikely "given the extensive laboratory studies of OH reactions over the past two decades". Moreover, and most importantly, they emphasized that their modifications of the standard kinetics parameters "could not lead to a resolution of the long-standing 'ozone deficit problem' above 45 km". More recently, from the MAHRSI (middle atmosphere high-resolution spectrograph investigation) measurements in August 1997 at latitudes ranging between 42 and 58°, Conway et al. 9 concluded that mesospheric OH densities are 25-35% lower than predicted by standard photochemical theory but also observed that the OH density increases rapidly below 50 km being at 43 km larger than predicted by standard theory. Quantitatively, the deficit of predicted OH density relative to observation at the maximum of the vertical distribution amounts to about 20%. 9, 18 Clearly, standard photochemical theory is unable to explain both observations, which is a genuine manifestation of the "HO x dilemma". Because N 2 (the major constituent of the atmosphere) would appear to have an innocuous role, at least to a first approximation, the "ozone deficit problem" and "HO x dilemma" should be interrelated. Within this spirit, we have made an attempt to reconcile the observations and laboratory measurements with theory, by proposing 4, 19 new mechanisms for ozone formation based on stretched odd hydrogen and oxygen molecules under the hypothesis of local thermodynamic disequilibrium (LTD). Indeed, whereas rotational relaxation of most molecules is known to occur on the 1-10 collision time scale, vibrational relaxation of diatomic molecules require about 10 5 -10 6 collisions (larger polyatomics such as HO 2 relax within 10 2 -10 3 collisions). This is well-known from studies (ref 20 , and references therein) of polyatomic molecules during thermal decomposition or recombination, an issue that will be further examined later in relation to the problems discussed in the present work. Note that such vibrationally excited species are abundant in the stratosphere and mesosphere: O 2 (V) is primarily produced from ozone photodissociation; OH(V) is mostly formed via the reaction 21 H + O 3 f OH(X 2 Π, V e 9) + O 2 . Indeed, as discussed below, such a proposition seems to help in resolving simultaneously both the "ozone deficit" and "HO x dilemma".
Theoretically, the study of the elementary chemical reactions involved in the O x and HO x mechanisms as well as in other mechanisms that may provide a complete understanding of the chemical composition of the atmosphere is very demanding. In fact, the relevant species involved possess in general an open shell electronic structure, and hence, nonadiabatic effects are likely to be of relevance in describing their collision dynamics. For example, the group of Wodtke 22 has shown experimental evidence of spin-orbit coupling in highly vibrational excited O 2 , suggesting that studies of vibrational to electronic energy transfer may be of relevance when the relevant potential energy surfaces for the O 4 system become available. 23 In turn, conical intersections for HO 2 ( 2 A′′) are well established, [24] [25] [26] [27] implying that nonadiabatic quantum dynamics may ultimately be required for studying the H + O 2 reaction or at least generalized BornOppenheimer calculations that account for the so-called geometric phase effect. [28] [29] [30] [31] [32] Although the above list could be made much longer, the modeling of the atmosphere within the BornOppenheimer approximation is in itself so challenging that the problem of fully accounting for nonadiabaticity in this field will probably be beyond reach for some years to come.
The paper is organized as follow. In section 2 we summarize the proposed mechanisms, whereas the results are presented in section 3. These include energy distributions in section 3.1 and the possible implications in the HO 2 /OH partition and O 3 production in sections 3.2 and 3.3, respectively. The conclusions are in section 4.
Novel Mechanisms
The simplest mechanism (this is known as the y ) 0 mechanism if odd hydrogen species are written as HO y+3 ; the odd hydrogen supermolecule is in this case HO 3 ) assumes the form 4 which shows that OH formation is enhanced at the expenses of hydrogen atoms; M is a third body. However, [H] is rather small up to 40 km reaching at 55-60 km the value of [OH] reported in the literature, 1 which attains its maximum value close to 65 km (see ref 9 and section 3.2 for a somewhat different representation). The y ) 0 and 1 mechanisms should therefore be considered together in the upper stratosphere and mesosphere (given the relatively small rate constant 14, 33, 34 of the HO 2 + O 3 reaction, we ignore at this stage the mechanism involving y ) 2).
The y ) 1 mechanism 4 starts with which is the main source 1,2 of HO 2 in the middle atmosphere, being its net result
In turn, the net result of the compound y ) (0, 1) mechanism is
Net:
H + 4O 2 + 6hν f 2O 3 + HO 2 (15) which suggests that, relative to standard photochemical theory, HO 2 formation is favored at the altitudes of concern in the present work. The above results seem then to corroborate the observation that the measured [HO 2 ] are significantly higher 15, 16 and [OH] lower 9,10 than predicted by standard photochemical theory (see also section 3.2). To emphasize its role as an ozone source, the y ) (0, 1) mechanism may alternatively be formulated as the following cycle:
Note that both the above formulations rely on elementary processes that were the subject of extensive dynamics calculations in our group. 4, 11, 19, [35] [36] [37] [38] Note further that Miller et al. 3 proposed a mechanism for ozone production based on the reaction Such a mechanism was motivated by measurements of the total depletion rate of O 2 (V′′) in collisions with O 2 which have shown the opening of a so-called "dark channel" for V g 25 that is different than purely vibrational relaxation and chemical reaction. Because the bimodal distribution for ozone photodissociation leading to O 2 (V) has a maximum at V ) 27, such a channel could then be of relevance to explain the novel mechanisms related to the "ozone deficit problem" and "HO x dilemma". Unfortunately, experiment has failed to provide direct evidence showing that O 3 is formed, 39, 40 with the caveat extending also to the available dynamics studies. [41] [42] [43] [44] [45] [46] [47] [48] [49] It should be noted that these theoretical dynamics studies employed either our own single-valued global potential energy surface 50 obtained from the DMBE (double many-body expansion 51-53 ) method for ground triplet O 4 or reduced-dimensionality single-valued ab initio surfaces, 41, 47 and hence the relevance of nonadiabatic processes in explaining the above experimental results remains an open question. 22, 49 However, dynamics studies 4, 11 have shown that odd oxygen can be formed if the O x mechanism is reformulated to involve two vibrationally excited molecules, although this second-order process can occur only if two such species have a chance of colliding with each other.
For the novel HO x mechanisms to deserve credit, it is of key importance to know the rate constants at which OH(V′) and O 2 (V′′) vibrationally relax. 38, 48, [54] [55] [56] [57] [58] [59] 60 Theoretically, this requires potential energy surfaces with an accurate description of the long-range interactions, because we are interested in lowtemperature regimes. Although DMBE 51-53 surfaces hope for such an accuracy, such a requirement can hardly be achieved especially in the case of molecule-molecule interactions. In fact, even more important than the rate constants is perhaps to know the associated (reactive versus relaxation) rates. For this, it is necessary to know the concentrations of the various species and the involved state-specific rate constants and vibrationalrotational micropopulations. This is a very demanding issue mainly because such species are not generally observable, 61 a topic which will be addressed further in section 3.1. 19 that the final (nonequilibrium) micropopulations denoted here as "steady-state" (strictly speaking this implies nonvariation with time, a prerequisite that cannot be obviously warranted in our definition) bear a striking similarity with the initial (nascent) distributions. In fact, the largest deviations occur by far for OH(V′), and hence, we show only this distribution in Figure 1 (for the case of vibrationally excited oxygen, see ref 19). Clearly, the differences in the highest vibrational states manifest as a population depletion of ∼30% relative to the nascent distribution. However, there is an increase in population for the states 4 e V′ e 6, while the initially empty states 0 e V′ e 3 become populated. To the extent that such distributions are representative of the true steady-state ones, the results clearly show that the latter differ drastically from Boltzmann distributions calling into question the traditional assumption of thermal equilibration in atmospheric modeling. Thus, LTD must be considered when modeling such regions of the atmosphere.
Results and
To be more specific about the transition processes occurring on the above collisions, we show in Figure 2 the probability of the vibrational transitions in the process O 2 (
, where the double prime indicates the vibrationally "hot" distribution. The notable feature is perhaps the fact that transitions involving one quanta of vibrational excitation are far more favorable than those involving multiquanta jumps. In fact, one-quantum transitions are about 20-30 times more probable than two-quanta ones, and these more probable than three-quanta by roughly the same amount. Such a trend is clearly visible in a semilogarithmic fit based on the inverse exponential form where A ) 1.060 (0.733) and b ) 2.773 (2.722) are the optimum least-squares parameters for de-excitation (excitation) and
∆V′′ ) V′′ f -V′′ i is the size of the multiquantum vibrational jump. Note that the fit has been done linearly such that low probability points are properly weighted. Despite the average high level of initial vibrational excitation, the process seems to obey well the so-called energy gap law 20, 62 (describing the exponential dependence of the energy transfer probability on the energy gap) for harmonic oscillators, because ∆E vib ′′ ∝ ∆V′′ where ∆E vib ′′ ) E vib,f ′′ -E vib,i ′′. Furthermore, we observe from Figure 2 that de-excitation processes are more probable than excitation ones, as one might expect from microscopic reversibility or detailed balance.
In turn, Figure 3 shows the results obtained for the collisional process OH(V′ i ,
, where the vibrationally hot distribution is now indicated by a single prime. Clearly, the final result contrasts in several respects with that obtained for the case of vibrationally excited oxygen. First, de-excitation processes are essentially the only ones observed, which may be explained from the shape of the initial vibrational distribution of OH(V′), and the relatively large size of the vibrational quanta; for the excitation process, see also ref 19. Second, multiquanta jumps occur frequently, and may involve transitions with as much as 9 vibrational quanta. Thus, it is a system far from ideal in what concerns the simple energy gap law (this has been verified only for the internal energy, because sizable errors are known to occur on its partition 63 ). Although the above results may suggest that vibrational de-excitation of OH(V′) in collisions with vibrationally cold O 2 is more efficient than for O 2 (V′′), we recall from Figure 1 that the "steady-state" (nonequilibrium) micropopulation distribution of OH can still lead to an efficient production of ozone upon OH(V′) + O 2 (V′′) collisions. We further recall that dynamics studies 38 of quenching of OH(V) tend to overestimate the available experimental relaxation rates. 55, 56 Although this may partly question the accuracy of the potential energy surface 64 (for an updated version of the HO 3 surface, see ref 65) used in the calculations, it also suggests that the vibrational quenching of OH may present a situation more optimistic than the results here provided seem to suggest. Of course, accurate quantum studies of vibrational quenching in OH(V′) + O 2 (V′′ ) 0) collisions could help to clarify this issue. We should also emphasize that Figure 3 refers to the vibrational cooling of OH in collisions with O 2 in its vibrational ground state. However, as shown elsewhere, 37, 66 it may suffice a small degree of vibrational excitation in O 2 (V′′ g 4 or so) for collisions with OH(V′ ) 9) to produce ozone. This may be a significant observation because, as pointed out in the Introduction, diatomic molecules such as O 2 (V′′) near the dissociation limit are known to require 10 5 -10 6 collisions to de-excite in the presence of inert species such as Ar atoms. 20 In addition, reactions involving such vibrationally excited diatomic molecules have been shown 4, 37, 38 to occur significantly faster than the corresponding vibrational relaxation processes, with the same being true for the reactions [photolysis of O 3 , and reaction 6] through which they are produced in the middle atmosphere. Thus, vibrationally excited oxygen molecules, as well as hydroxyl radicals, should be abundant in the middle atmosphere, although only LTD modeling simulations and the solution of the involved master equations in their full complexity may allow a proper answer to the questions raised above (see sections 3.2 and 3.3). 
From the above OH(V′) and O 2 (V′′) "steady-state" distributions, one can calculate the vibrationally averaged thermal rate coefficient for odd oxygen (ozone) formation. For the OH(V′) + O 2 (V′′) reaction, it assumes the form where k odd (E OH V′,j′ , E O 2 V′′,j′′ , T) is the specific thermal rate coefficient for odd oxygen production when the reactants have internal energies E OH (V′,j′) and E O2 (V′′,j′′). In the calculations reported thus far, 35, 37, 38, 67 we have assumed j′ ) 1 and j′ ) 10, which has been shown 36 not to alter the major trends. Of course, the calculation of the specific rate coefficient for total odd oxygen production requires the evaluation of several statespecific vibrational rate constants. For the case under analysis, it is obtained as the sum of the rate coefficients for formation of HO 2 + O, O 3 + H, and O 2 + O + H plus twice the rate constant for the reaction yielding OH + O + O. Note that, for oxygen, ω V′′ are the steady-state vibrational populations given in ref 19 (which are obtained from the 226 nm nascent distribution in the photolysis of ozone 3 ), whereas ω V′ are the steady-state vibrational populations of OH(V′) referring to the experimental nascent distributions of Ohoyama et al. 21 An equivalent treatment has been adopted for the O 2 (V′) + O 2 (V′′) reaction, with the reader being addressed to refs 19 and 43 for details. Note that the vibrationally averaged rate constants for odd oxygen formation calculated in this way are also shown in Figure 4 . For comparison, the results obtained 4 using the nascent distributions for the averaging process are also given. The differences between the two sets of estimates are seen to be typically 5% for the O 2 (V′) + O 2 (V′′) reaction and 30% for OH(V′) + O 2 (V′′). However, the most salient feature from Figure  4 is perhaps the large magnitude of the calculated rate constants over the range of temperatures of relevance in the upper stratosphere and mesosphere, which underlines the statement made in the previous paragraph when comparing with those for vibrational quenching.
To conclude this subsection, we refer briefly to some exploratory calculations 68 71 No similar simulation study could be done for OH(V′) + N 2 collisions because, to our knowledge, the relevant potential energy surface is unavailable. In summary, the major trends of the quenching of OH(V′) and O 2 (V′′) obtained by using vibrationally cold O 2 as the quencher should not be drastically altered when N 2 is also considered.
3.2. Possible Implications in the HO 2 /OH Partition. The y ) 1 mechanism has been shown in section 2 to generally favor HO 2 formation over OH. Indeed, despite the fact that the reaction 6 has a rate constant nearly 3 orders of magnitude larger than (4) 〉〉 OH . This suggests that about 13% of the energized HO 2 molecules formed via reaction 13 will produce atomic hydrogen. Of course, the HO 2 rotational energy may also contribute to this unimolecular process [74] [75] [76] [77] [and, possibly, even allow odd oxygen formation via HO 2 (W) f OH + O]. In fact, if one considers the internal energy, the above fraction raises to about 28%. On the other hand, no account is being taken of the quenching of energized HO 2 due to collisions with O 2 and N 2 , a study outside the scope of the present work. Because this should have an opposite effect, it is plausible to say that an average value of 20% of HO 2 (W) leads to H formation. Thus, one expects that 20% of the HO 2 (W) formed will dissociate and become a nonconventional source of H atoms, a result that shows a striking correspondence with the [OH] underestimation reported by Conway et al. 9 at 43 km. Another very significant source of hydrogen atoms comes from the direct dissociation reaction OH(V′) + O 3 f 2O 2 + H, which is predicted 72, 73 to be very effective at high values of V′. Note that both the above processes are related via the reaction OH(V′) + O 3 f HO 2 (W) f 2O 2 + H, in which case the direct reaction simply implies a shortlived intermediate complex. Unless mentioned otherwise, we look at them for convenience as separate processes.
Of course, standard chemistry would predict that such nonconventionally formed H atoms would react with ozone to yield mostly vibrationally excited hydroxyl radicals, these energized HO 2 , and so on. Two relevant questions then arise. The first is to know how much do such vibrationally excited hydroperoxyl radicals affect the rate of reaction 3. Although an enhancement of the corresponding thermal rate coefficient might be expected, trajectory calculations 78 have shown that such an effect is rather small even considering HO 2 with contents of vibrational excitation (this has been partioned democratically by all vibrational normal modes) close to the H + O 2 dissociation asymptote. Thus, it may have little implications in atmospheric modeling, especially in what concerns the specific values of the rate constants used thus far.
The second and probably most important issue refers to the partitioning of the additional HO x species into OH and HO 2 . By equating the rates of production and destruction of OH via reactions 6 and 13, one obtains We now recall that OH(V′) can be more efficiently quenched at low altitudes (note that the pressure decreases exponentially with altitude), because a wider variety of quenchers exists there. Moreover, the dominant source of OH(V′) in the lower mesosphere is reaction 4, which yields lower vibrational states than reaction 6. Thus, k 6 (T) should be considerably larger than k 13 (V′, T) at such altitudes where vibrational states of OH are expected to lie closer to the ground state. Any perturbation on [H] due to the nonconventional sources should then contribute to an increase in [OH] . At higher altitudes where 6 e V′ e 9 is more likely according to the nascent distribution (this is expected to be a steady-state distribution over some period of time), one expects k 13 (V′, T) > k 6 (T) and hence the reverse result. Note that k 13 (V′ ) 9, T) can be a factor 4-fold or more larger than k 13 (V′ ) 4, T) [i.e., 1 order of magnitude larger than k 6 (T)] at the temperatures of interest in the mesosphere. 4 We open here a small parenthesis to summarize the input data used for the calculations. For the ozone number density versus altitude, we have employed the SAGE (stratospheric aerosol and gas experiment) data from the vertical distribution of ozone reported by Randell et al. 79 from analyses of satelite, ground-based, and balloon measurements. Specifically, we have selected data referring to a latitude of 44°N averaged over a twelve month period, because this may be closer to the climatology associated to the MARSHI observations. 9 However, to illustrate the sensitivity of the model to variations in the input data, we have also employed an O 3 profile extracted from a traditional textbook 1 as represented by straight-line segments over appropriate altitude ranges. Similarly, we have employed O 3 mixing ratios from three different sources: 16, 80 the balloonborne mixing ratios of O 3 retrieved by FIRS-2 (far infrared spectrometer), and those obtained in situ JPL (Jet Propulsion Laboratory) O3 photometer, and from the ILAS (Improved Limb Atmospheric Sounder) instrument on board of ADEOS (Advanced Earth Observing Satellite). For the ILAS data, a more up to date and official version is included instead of the version that was available at the time ref 16 was published. In fact, the data send to us 80 amounts to four curves. Rather than using an individual set of measurements, we represented the four data sets by using the form where z is the altitude. The optimum least-squares parameters are in this case a 1 ) 4.1022, b 1 ) 9.9246 × 10 -3 , c 1 ) 32.1167, a 2 ) 1.1197, b 2 ) 7.7018 × 10 -2 , c 2 ) 20.8959, a 3 ) 3.9112, b 3 ) 3.3129 × 10 -3 , c 3 ) 39.2678, a 4 ) -1.2800, b 4 ) 7.2436 × 10 -2 , and c 4 ) 30.7382. As Figure 5 shows, the fit represents well the whole data, being especially good when used for the ILAS data alone. [ 1 However, the situation is less clear for k 32 . Two approaches have been adopted for this purpose. In the first (approach I), we have approximated the deactivation rate by where the numerical factors account for the fact that N 2 occupies 80% of the atmosphere and is a factor to be defined later. Here, we distinguish two sets of results: one is based on the O 3 profile of ref 1 (I a ) and the other employs the SAGE profile of O 3 (I b ). In approach II, we have instead defined an averaged rate constant by which may have the advantage of allowing the use of the ozone mixing ratio. 16 The situation is clearly more complicated in the case of reaction 35 because, to our knowledge, no experimental or theoretical data is available on it. Although calculations are being planned in our group on the vibrational relaxation of HO 2 (W), we will assume in what follows that its rate coefficient is identical to that of reaction 32.
Experimental data relative to the relaxation rate constants of OH(V′) in collisions with O 2 has been reported by Dodd et al., 55 who studied the one-quantum relaxation processes OH(V′) + O 2 f OH(V′ -1) + O 2 . For the intermediate quantum number [
V′ ) 4, the experimental value is 55 k 32 O 2 ) (8.8 ( 3.0) × 10 -13 cm 3 s -1 . However, one-quantum deexcitation processes do not necessarily imply deactivation to a level where reaction with vibrationally excited O 2 (from the ozone photolysis) can no longer occur. To obtain the rate constant for the deexcitation processes that are effective, we have to estimate the fraction of nonreactive collisions that lead to V′ < 3, because (V′ ) 3, V′′ ) 12) is probably a conservative estimate for the combination of lowest vibrational quantum numbers of OH and O 2 capable of leading to reaction. 37 Such a fraction can be estimated from Figure 1 , from which we predict ) 0.095 (this corresponds to the fractional area under the steady-state distribution for V′ e 2). It is by this factor that we choose to scale the relaxation rate in eq 47 or the rate constant in eq 48. In turn, N 2 is known to be a poorer quencher of OH(V′) than O 2 , being established 56 that k 32 N 2 < 5 × 10 -13 cm 3 s -1 for V′ ) 9. For a typical vibrational quantum number over the range of atmospheric interest, we may then consider as realistic the value k 32 N 2 ) (10 ( 5) × 10 -14 cm 3 s -1 , which should also be multiplied by on the rather conservative basis that deexcitation to V′ < 3 occurs roughly with the same probability as in collisions with O 2 .
Shown by curves I a and I b in Figure 6 is the dependence of [OH(V′)] on altitude predicted from eq 41, with the shaded areas indicating the corresponding error bars as estimated from those assigned to k cm -3 , which is in close agreement with the maximum number density reported in the literature 1 although shifted to a somewhat higher altitude. This suggests that vibrationally excited OH should be abundant in the upper mesosphere where reaction 6 actually occurs. A similar trend is observed for curve II based on the ozone mixing ratio, except that the peak emerges now at 68 km with a maximum number density of (1.0 ( 0.2) × 10 7 cm -3 . In this case, we have slightly enlarged the error bars to allow for an uncertainty in the O 3 mixing ratio of 10% (this has been attributed 16 to the ILAS data alone).
To calculate the ratio in eq 45, we require k 31 which, for a typical vibrational excitation of V ) 4, may be calculated from the data reported in previous papers 72, 73 to be k 31 ) 2.24 × 10 -11 cm 3 s -1 . Note that k 31 includes the rate of formation of energized HO 2 (W). Figure 7 shows the calculated dependence of F OH on altitude. Although the peak arises somewhere too low in altitude (∼32 km) with the input data employed in method I a , its magnitude of (17 ( 5)% is in good agreement with the observed OH surplus at 43 km, which we have hereby attributed to nonconventional H sources. The same general trend is observed in case I b , where the corresponding values are ∼ 37 km and (9.5 ( 3.0)%. Note that approach II gives a significantly lower peak of (4.5 ( 1.5)% centered at about 38 km. Note further that a close examination to Figure 2 of ref 9 shows that the MAHRSI observations leave some margin for speculation on where the peak position is located, with reasonable estimates ranging between 37 and 43 km. Moreover, the MAHRSI observations refer to a latitude of 42-58°, whereas the used ozone mixing ratios refer to northern Alaska. Because [O 3 ] increases on approaching the tropics, the values of F OH obtained from the mixing ratios seem to be consistent with those based on the number density. In any case, our model predictions should be viewed as qualitative trends because a comparison of curves I a and I b near the peak shows that the calculated F OH values depend somewhat on the input data used and their assigned uncertainties, some of which may be significant. A further remark to note that the H atoms produced via eq 37 should have an increasing translational energy with temperature. Because reaction 6 has a positive activation energy 14 and the temperature increases steadily from the mesopause (T ∼ 200 K) to the stratopause (T ∼ 290 K), one expects an enhanced , with the peak slightly shifted to higher altitudes. The calculation of F HO 2 is more problematic due to uncertainties in the involved rate coefficients and number densities. For completeness, we provide the results calculated using k 29 ) 2.8 × 10 -11 cm 3 s -1 , k 30 ) 1.7 × 10 -11 cm 3 s -1 , k 31 ) 2.24 × 10 -11 cm 3 s -1 , and k 33 ) 1.7 × 10 -11 cm 3 s -1 . Of these, k 31 has been used in the calculation of F OH , whereas k 29 has a well-established value. 14 In turn, we have assumed k 33 ) k 30 with the value of k 30 corresponding 72 to T ) 300 K and OH(V ) 4). This may be justified on the grounds that, for V e 4, the product HO 2 has an average vibrational content smaller than the H + O 2 dissociation energy (see Figure 1) , although it may possibly lead to some underestimation of F HO 2 . This is shown in Figure 9 for altitudes z e 100 km. A few points deserve attention. First, we should note that the fit of [OH] versus z is, strictly speaking, reliable only up to 80 km. The results shown for 80 e z/km e 100 have therefore been included only to illustrate the sensitivity of the model to the input number densities. 2 can only be reliably assessed by atmospheric modeling using, in principle, all atmospheric constituents within LTD. Obviously, such a task would be overwhelming given the numerous state-specific reaction rate constants that are required for each atmospheric constituent. A simplified approach that proved satisfactory in the case of a pure-oxygen atmosphere 3 consists of using the stationary-state assumption. For the y ) (0, 1) mechanism, it leads to the following fractional additional odd oxygen production relative to the rate of O 3 production in the conventional mechanism:
where k D and k D ′ are the total collisional removal rates of OH(V′) and O 2 (V′′) and k ) k 19 + k 20 + 2k 21 is the total rate constant for odd oxygen formation in reactions 19 to 21; k n is the rate constant of reaction (n), and the factor 2 in k accounts for the fact that two oxygen atoms are produced in eq 21. Note that a constant yield Φ V′′gV′′0 (λ) ) ΦR V′′gV′′0 [Φ is the quantum yield of reaction O 3 + hν f O 2 + O( 3 P) for production of O 2 in a state V′′ g V′′ 0 , and R V′′gV′′0 is the probability for such a reaction to produce such high vibrational states] has been assumed, 3 R λ0 ) ∫ λ<λ0 J O3 (λ, z, ) dλ/∫J O3 (λ, z, ) dλ is the fraction of O 3 photolysis which takes place at wavelengths shorther than λ 0 , and J O3fO( 3 P) ) Φ∫ λ<λ0 J O3 (λ, z, ) dλ is the total O 3 photolysis rate constant leading to O( 3 P). Note also that eq 49 differs from eq 30 of ref 19 in that we have neglected the second term in curly brackets due to its small magnitude at stratospheric temperatures. Note especially that the wavelength integrated photolysis rate of O 2 is 2J O2 [O 2 ] per photon, and hence a dividing factor of 4 has been considered to account for the four photons consumed in the y ) (0, 1) mechanism, eqs 16-23.
For simplicity, we will assume that k ∼ k D and k 22 ∼ k′ D . We therefore ignore the inelastic processes, which should not have a drastic effect since the corresponding rate constants have been shown 37 to be a factor of 5 or so smaller than the reactive 
ones. We further assume the O 3 photolysis to be at λ ) 226 nm, V′′ 0 ) 26, R V′′g26 ) 0. 3 may be too simplistic in that he assumes that, for V ) 26, reaction 7 proceeds instantly and completely. However, it provides useful data that will be used here for the sake of comparison. Note that a computer simulation 3 based on a radiative-transport-chemical model which included reaction 25 has predicted the percentage difference between a model with and without that reaction to display a maximum increase of 10% at an altitude of about 43 km. After reaching the maximum, the predicted efficiency for O 3 production is considerably reduced, 3 with the model failing to ameliorate the ozone deficit problem. In fact, a more recent analysis has shown 83 that such a model cannot account for the deficit at higher altitudes even if all O 2 (V) leads to production of ozone via a reaction similar to (25).
In an attempt to be as realistic as possible, we now try to account for the collisions with N 2 that have been ignored thus far. Because N 2 occupies 80% of the atmosphere, the question is whether a collision of OH(V′) with nitrogen can leave OH sufficiently hot to react with O 2 (V′′). Measurements have shown 56 that N 2 is a slow collider leading to a slow decrease in the population of OH(V ) 9). The remaining 20% probability refers therefore to collisions of OH(V′) with molecular oxygen. Although this has been found 56 to be the dominant quencher, the nascent (steady-state) distribution suggests that the chance of such collisions to involve an O 2 (V′′) that would lead to odd oxygen formation is 12% (13%), 8% (10%), and 4% (5%) when V′′ 0 ) 24, 25, and 26, respectively. Note, however, that these values are considerably larger than the estimated threshold quantum number of V′′ 0 ) 13, and hence would lead to very conservative estimates in the present analysis. A more reasonable value may indeed be to consider the probability associated to values close to V′′ 0 ) 13. This has an associated probability of 65%, a value that reduces to 43% and 37% if one assumes instead V′′ 0 ) 16 and 17, respectively. Thus, we proceed the analysis by considering an estimated probability of roughly 40%.
Naturally, one should also bear in mind that there is a threshold vibrational state 37 of OH for forming O 3 in collisions with O 2 (V′′ g V′′ 0 ), namely V′ 0 g 3. As it can be seen from Figure 1 by looking to the area under the steady-state vibrational distribution, the probability of encountering such an OH species is ∼90%. From this and the above probabilities, one obtains a composite probability of ∼8% (as obtained from 0.2 × 0.4 × 0.9) for a successful reactive encounter leading to ozone formation. Both F 01 O 3 and F 02 O 3 are accordingly scaled down by a factor of 8/100, yielding the ratios actually shown in Figure 10 as a function of altitude. We emphasize that F 01 O 3 remains nearly twice the Wodtke ratio at 55 km where the latter is unable to account for the known "ozone deficit problem". 3 In fact, even F 02 O 3 is at the level of Wodtke's ratio at 55 km, although about twice smaller than for y ) (0, 1) due to the lower efficiency of the photons used to sustain the less reactive processes. 19 Finally, both F 01 O 3 and F 02 O 3 predict a maximum near 70 km which may be explained from the dependence of [H] on altitude. Needless to say, some scaling of the experimental rate constants within their error limits remains a valid procedure.
Concluding Remarks
The O x mechanism of Wodtke and co-workers 3 and our own 4 revision of it together with the novel HO x mechanisms from the present work, although somewhat hypothetical, suggest a clue to explain the "ozone deficit problem" both in the stratosphere and mesosphere. Such HO x mechanisms, jointly with reactions 31 and 37, have been shown to simultaneously help to unfold the "HO x dilemma".
We emphasize three points related to the novel mechanisms of the present work. First, they find support on consistent theoretical studies 4, 11, 19, [35] [36] [37] [38] 72, 73, 81 of the involved elementary chemical reactions. In fact, the rate coefficients for some reactions involving vibrationally excited OH and O 2 were even taken from trajectory calculations carried out for such reactions. Although these neglect quantum effects (which may play an important role at temperatures of relevance in the middle atmosphere) and rely on potential energy surfaces that are certainly not free from innaccuracies, good agreement with experiment has been observed for the corresponding reverse reactions giving confidence on the predictions made. Thus, although we believe that upgrading theory at the level of the involved elementary chemical reactions may not lead to drastic changes in the major trends reported in the present work, the species involved possess an open shell electronic structure and 3 Ox results obtained from the input data used in the present work. The small bump at about 65 km is due to passing from the vertical distribution of ozone reported by Randell et al. 79 to the linear fit as shown in Figure  7 . Except in the insert, F 12 O 3 is invisible within the scale of the figure. hence the effect of nonadiabaticity in describing their collision dynamics remains an open issue. The second point refers to reactions 31 and 37. If they occur in the atmosphere, they could possibly have an effect on the [H] altitude profile. This could eventually be seen by comparing actual observations with standard model simulations as an H deficit. Alternatively, model simulations with their inclusion and without their consideration could help to study their impact. To our knowledge, no manifestation of an atomic hydrogen deficit has so far been observed. We emphasize though that LTD atmospheric modeling is essential if the quantitative details of our predictions are to be established. The third and final point to note that atmospheric models often incorporate hundreds of chemical reactions, measured distributions of long-lived species (which depend more on transport processes than on chemistry), and solar ilumination (which influences the chemical composition of the atmosphere through hundreds of photochemical reactions), and hence the analysis of the present work may have the merit of simplicity in helping to unravel the title problems.
